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Remarks 

The Office Action mailed January 7, 2005 has been received and reviewed. Claims 57, 
60, 63, and 66 having been amended, and claims 69-74 having been added, the pending claims 
are claims 45-74. 

Claims 57 and 63 have been amended to recite that the opening has an aspect ratio 
greater than about 1, which is supported, for example, by claims 60 and 66, respectively. Claims 
60 and 66 have been amended to recite an aspect ratio of greater than about 3, which is 
supported by the specification at, for example, page 16, line 5. 

New claims 69-74 are generally supported, for example, by claims 57-62. New claims 
69-74 further recite the proviso that the surface defining the opening is not a silicon containing 
surface. The recitation of the proviso that the surface defining the opening is not a silicon 
containing surface is supported by the positive recitation of a silicon containing surface in the 
specification at, for example, page 3, line 26 to page 4, line 2. See, for example, JVLP.E.P. 
§2l73.05(i)> which states that M [i]f alternative elements are positively recited in the specification, 
they may be explicitly excluded in the claims." Applicants respectfully submit that the 
specification recites alternative surfaces for substrate assemblies (e.g., page 7, lines 12-20) 
including surfaces that are silicon containing materials, as well as one or more layers formed 
thereon (e.g., non-silicon containing conductive layers as recited in the specification at, for 
example, page 13, lines 19-25). Thus, Applicants respectfully submit that no new matter has 
been added, o 

Reconsideration and withdrawal of the rejections are respectfully requested. 

Rejections under 35 IJ.S.C. S102 

Matsubaru et al. 

The Examiner rejected claims 45-48, 50, and 51 under 35 U.S.C. § 102(b) as being 
anticipated by Matsubara et a]. (U.S. Patent No. 5,122,923). Applicants respectfully traverse the 
rejection. 



CP 
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Independent claims 45 and 50 each recite a chemical vapor codeposited diffusion barrier 
layer formed of RuSi x . where x is in the range of about 0.01 to about 10. Applicants respectfully 
submit that Matsubara et al. fail to disclose or suggest such a chemical vapor codeposited 
diffusion barrier layer formed of RuSi,, where x is in the range of about 0.01 to about 10. 

In contrast, Matsubara et ah disclose a sputtering technique to form a lower electrode 
layer of RuSi 2 . It is the Examiner's position that " 'chemical vapor codeposited' merely recites a 
method of forming and does not deviate from the structure of a diffusion barrier made of 
RuSi x " (page 6, lines 3-4 of the Office Action mailed January 7, 2005; emphasis in original). 
Applicants respectfully disagree. 

In the Amendment and Response submitted October 4, 2004, Applicants argued that a 
diffusion barrier layer formed using chemical vapor deposition as recited in the present invention 
is different than the layer sputtered according to Matsubara et a)., the arguments of which are 
hereby incorporated by reference. 

In response, the Examiner acknowledged Applicants 1 arguments, but asserted that the 
claims do not state any of the structural differences. Applicants earnestly disagree. Applicants 
resepectfully submit that those skilled in the art would appreciate that the term "chemical vapor 
deposited" when used to define a layer describes a structurally different layer than when the term 
"sputtered" is used to define a layer. As such, the term "chemical vapor codeposited" is not 
merely a product-by-process limitation and must be given patentable weight in the pending 
claims. 

Moreover, Applicants submitted a "Declaration Under 37 C.F.R. §1J32" signed by the 
inventors (filed in response to the Final Office Action dated 25 November 2002) that stated, in 
part, "that sputter coated diffusion barrier layers and chemical vapor deposited diffusion barrier 
layers have different structures. As such if a chemical vapor deposited diffusion barrier layer 
and a sputter coated diffusion barrier layer were analyzed by one skilled in the art these 
structural differences . . , (e.g„ conformality, coverage uniformity, pinhole count, stress controJ, 
and/or underlying surface damage] would allow one skilled in the ait to identify the diffusion 
barrier layer as either being a sputter coated diffusion barrier layer or a diffusion barrier layer 
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having been deposited by a different technique (e.g., chemical vapor deposited diffusion barrier 
layer)" (item 14). 

However, the Examiner is of the opinion that the Declaration has little probative value. 
Applicants earnestly disagree. For example, the Examiner asserted that "[sjince Matsubara 
discloses a simple diffusion barrier layer 3 on a flat surface, it would be reasonable to assume 
that in such a simple structure, no surface damage would occur to the diffusion barrier layer 
(page 8, lines 4-6 of the Office Action mailed January 7, 2005; emphasis added). Applicants 
respectfully submit that the Examiner's conclusory assertion is totally unsupported by evidence 
in the Office Action, and, in fact, is not even commensurate with the statements made in the 
Declaration. Specifically, the Declaration states that an underlying substrate to a sputter coated 
diffusion barrier layer, not the diffusion barrier layer itself may have surface damage" (item 9). 
Further, the Declaration provides no suggestion that such surface damage would not occur for a 
simple diffusion barrier layer on a flat surface as asserted by the Examiner. In the event that the 
Examiner's assertion is not withdrawn in the next Official Communication, Applicants 
respectfully request that the Examiner provide proper support for his assertion. 

For another example, the Examiner asserted that "Matsubara discloses (see, for example, 
FIG. 1) a silicon oxide layer 2 in between the substrate 1 and lower electrode 3- Tt is physically 
not possible that a metal such as ruthenium that is used to form the lower electrode 3 can implant 
into the substrate when there is a silicon oxide layer covering the substrate" (page 8, lines 7-10 
of the Office Action mailed January 7, 2005; emphasis added). Applicants respectfully submit 
that the Examiner's conclusory assertion is totally unsupported by evidence in the Office Action, 
and, in fact, is not even commensurate with the statements made in the Declaration. Specifically, 
the Declaration states that that an underlying substrate, not necessarily a silicon substrate, to a 
sputter coaled diffusion barrier layer may have surface damage that may include implantation of 
metal in the underlying substrate- Further, the Declaration provides no suggestion that such 
surface damage would not occur for a silicon oxide layer. In the event that the Examiner's 
assertion is not withdrawn in the next Official Communication, Applicants respectfully request 
that the Examiner provide proper support for his assertion. 
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Finally, the Examiner asserted that Applicants "provided no scientific evidence to 
support the statements in the Declaration" (page 7, lines 3-4 of the Office Action mailed January 
7 7 2005). Applicants respectfully submit that the Examiner has failed to specifically explain why 
Declarants' statement, that "if a chemical vapor deposited diffusion barrier layer and a sputter 
coated diffusion barrier layer were analyzed by one skilled in the art these structural differences, 
as described above, would allow one skilled in the art to identify the diffusion barrier layer as 
either being a sputter coated diffusion barrier layer or a diffusion barrier layer having been 
deposited by a different technique (e.g., chemical vapor deposited diffusion barrier layer)' 1 (item 
14), is insufficient to overcome the rejection. 

Moreover, Applicants wish to draw the Examiner's attention to the following documents, 
which support the position that those skilled in the art would appreciate that the term "chemical 
vapor deposited" when used to define a layer describes a structurally different Jayer than when 
the term "sputtered" is used to define a layer. See, far example, Wolf et ah, which is submitted 
concurrently herewith in an Information Disclosure Statement, stating that "CVD offers several 
advantages over other techniques for silicide formation including, improved step coverage, 
higher purity films (low O t content), and higher throughput" (page 392, last paragraph; 
emphasis added). Applicants respectfully submit that higher purity films (low 0 2 content) is a 
structural property that could be analyzed by one of skill in the an, and moreover, that oxygen 
contamination in the silicide film also has a significant effect on the film resistivity (page 388, 
second paragraph), which is also a structural property that could be analyzed by one of skill in 
the art. For another example, Yao-Joe Yang states that "[s]ubstrate damage is the major 
disadvantage" of sputtering (page 5, slide 9; see, also, page 6, slide 1 1). 

As such, the term "chemical vapor codeposited" is not merely a product-by-process 
limitation and must be given patentable weight in the pending claims. Reconsideration and 
withdrawal of the rejection of claims 45-48, 50, and 51 under 35 U.S.C §102 as being 
anticipated by Matsubara et al. 
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Kuroiwa et aL 

The Examiner rejected claims 45, 46, 50, and 51 under 35 U.S.C. § 102(e) as being 
anticipated by Kuroiwa et al. (U.S. Patent No. 6,239,460). Applicants respectfully traverse the 
rejection. 

independent claims 45 and 50 each recite a chemical vapor codeposited diffusion barrier 
layer formed of RuSi X7 where x is in the range of about 0-01 to about 10. Applicants respectfully 
submit that Kuroiwa et al. fail to disclose or suggest such a chemical vapor codeposited diffusion 
barrier layer formed of RuSi x , where x is in the range of about 0.01 to about 10. 

In contrast, Kuroiwa et al. disclose the deposition of ruthenium on a silicon plug, 
followed by heat treatment to form a ruthenium silicide layer through a salicidation process. Tt is 
the Examiner's position that " 'chemical vapor codeposited" merely recites a method of forming 
and does not deviate from the structure of a diffusion barrier made of RuSi x u (page 6, lines 3- 
4 of the Office Action mailed January 7, 2005; emphasis in original). Applicants respectfully 
disagree. 

In the Amendment and Response submitted October 4 t 2004, Applicants argued that a 
diffusion barrier layer formed using chemical vapor deposition as recited in the present invention 
is different than a layer formed by a salicidation process according to Kuroiwa et al., the 
arguments of which are hereby incorporated by reference. 

In response, the Examiner acknowledged Applicants' arguments, but asserted that the 
claims do not state any of the structural differences. Applicants earnestly disagree. Applicants 
resepectfully submit that those skilled in the art would appreciate that the term "chemical vapor 
deposited" when used to define a layer describes a structurally different layer than a layer 
formed by a salicidation process. As such* the term "chemical vapor codeposited" is not merely 
a product-by-process limitation and must be given patentable weight in the pending claims. 

Moreover, Applicants wish to draw the Examiner's attention to the following documents, 
which support the position that those skilled in the art would appreciate that the term "chemical 
vapor deposited" when used to define a layer describes a structurally different layer than a layer 
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formed by a salicidation process. See, for example, Wolf et ah, which is submitted concurrently 
herewith in an Information Disclosure Statement, stating that "CVD offers several advantages 
over other techniques for silicide formation including, improved step coverage, higher purity 
films (low 0 2 content), and higher throughput" (page 392, last paragraph; emphasis added). 
Applicants respectfully submit that higher purity films (low 0 2 content) is a structural property 
that could be analyzed by one of skill in the art, and moreover, that oxygen contamination in the 
silicide film also has a significant effect on ihe film resistivity (page 388, second paragraph), 
which is also a structural property that could be analyzed by one of skill in the art 

As such, the term "chemical vapor codeposited" is not merely a product-by-process 
limitation and must be given patentable weight in the pending claims. Reconsideration and 
withdrawal of the rejection of claims 45, 46, 50, and 5 1 under 35 U.S.C. § 102 as being 
anticipated by Kuroiwa et al. 

Rejection under 35 U.S.C §103 

Kuroiwa et aL in view ofAoyama et al. 

The Examiner rejected claims 48, 49, and 54-68 under 35 U.S.C. §103 as being 
unpatentable over Kuroiwa et aL (U.S. Patent No. 6,239,460) and further in view of Aoyama et 
al. (U.S. Patent No, 5,852,307). Applicants respectfully traverse the rejection. 

Applicants respectfully submit that the cited documents do not teach or suggest all of the 
language recited in the present claims. Specifically, Kuroiwa et aj_, which has been discussed 
herein above, lacks, among other things, a chemical vapor codeposited RuSi^ diffusion barrier 
layer. Applicants respectfully submit that Aoyama et al., which "relates to a semiconductor 
device, and in particular to a semiconductor device provided with a capacitor comprising a 
dielectric film made of a metal oxide, and to a method of manufacturing the semiconductor 
device" (column 1, lines 6-9), fails to cure the deficiencies of Kuroiwa et al. Thus, for at least 
this reason, Applicants respectfully submit that claims 48, 49, and 54-68 are patentable over 
Kuroiwa et al. in view of Aoyama et al. 
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Further, independent claims 57 and 63 each recite a surface defining an opening having 
an aspect ratio greater than about 1 ? and a chemical vapor codeposited diffusion barrier layer 
over at least a portion of the surface defining the opening. 

The Examiner asserted that Kuroiwa et al. "discloses the ruthenium silicide layer 
(conformal layer) 132 within an opening of the insulating film 1 10. The aspect ratio (ratio of 
height to width) is clearly greater than 1 ,T (page 4, lines 1 3-15 of the Office Action mailed 
January 7, 2005). Applicants earnestly disagree with the Examiner's assertion. 

For example, referring to Figure 3, Kuroiwa et al. disclose insulating film 110, contact 
hole 110a, and plug 111 (column 10, lines 41-42). Kuroiwa et al. further state that 

In the second embodiment, the plug 111 was made of polycrystal silicon 
containing doped phosphorus. To prevent oxidation of the plug 111 when the 
capacitor dielectric film 115 was formed, the polycrystal silicon was etched so 
that the top end of the plug 111 was made to be lower than the top surface of the 
first interlaycr insulating film 110. The preferred extent of lowering is 30 nm to 
500 nm. In the second embodiment, it was determined to be 50 nm. A silicide 
layer 132 and the metal electrode 130 were formed to cover the plug 111 so as to 
serve as the lower electrode 114 of the capacitor. The material of the metal 
electrode 130 was ruLhenium or iridium in place of platinum, which was the 
conventional material. By performing heat treatment at 600 ° C. or higher, a 
portion of the metal electrode 130 reacts with silicon in the plug 111 so as to be 
formed into the silicide layer 132, 

(Column 10, lines 48-63). Thus, Kuroiwa et al. disclose the formation of silicide layer 1 32 in the 
lowered top surface of insulating film 1 10 formed by etching plug 111. Applicants respectfully 
submit that nothing in this recitation or in Figure 3 would lead one of skill in the art to conclude 
that silicide layer 132 is formed in an opening having an aspect ration "clearly greater than I " as 
suggested by the Examiner. In contrast, Figure 3 suggests that the opening formed by the 
lowered top surface of etched plug 111 has as aspect ratio less than L 

Thus, for at least the reasons presented herein above, Applicants respectfully submit that 
the Examiner has failed to establish a prima facie case of obviousness of claims 48, 49, and 54- 
68 under 35 U.S.C §103. 
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Kuroiwa et al. in view ofAovama el aL and in further view ofMatsubara etal 

The Examiner rejected claims 52 and 53 under 35 U.S.C. § 103 as being unpatentable 
over Kuroiwa et al. (U.S. Patent No. 6,239,460) in view of Aoyama et al. (U.S. Patent No. 
5,852 T 307) and further in view ofMatsubara et al. (U.S. Patent No. 5,122,923). Applicants 
respectfully traverse the rejection. 

As discussed herein above, Kuroiwa et al. in view of Aoyama et al. fail to teach 
or suggest a chemical vapor deposited RuSi x diffusion barrier. Applicants respectfully submit 
that Matsubara et al., which has been discussed herein above in the traverse of the rejection 
under 35 U.S.C. §102, fail to cure the deficiencies of Kuroiwa et al. in view of Aoyama et al. 

As such, Applicants respectfully submit that the Examiner ha$ failed to establish a 
prima facie case of obviousness of claims 52 and 53 under 35 U.S.C. §103. 

Applicants respectfully request reconsideration and withdrawal of the rejections 
under 35 U.S.C. §103. 



New Claims 

New claims 69-74 are generally supported, for example, by claims 57-62, and further 
recite the proviso that the surface defining the opening is not a silicon containing surface (see, 
the Remarks section for illustrative support). Applicants note that claims 57-62 stand rejected 
only under 35 U.S.C. §103 as being unpatentable over Kuroiwa et al. in view of Aoyama et aL 
Applicants respectfully submit that new claims 69-74 are patentable over Kuroiwa et aL in view 
of Aoyama et al. for at least the reasons recited in the traverse of the rejection of claims 57-62 
herein. 

Further, Kuroiwa et al. disclose the deposition of ruthenium on a silicon plug, followed 
by heat treatment to form a ruthenium silicide layer through a salicidation process. Thus, the 
method disclosed by Kuroiwa et aL requires that the ruthenium be deposited on a silicon 
containing surface. In contrast, new claims 69-74 recite a chemical vapor codeposited diffusion 
barrier layer over at least a portion of a surface defining an opening, with the proviso that the 
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surface defining the opening is not a silicon containing surface. Thus, for at least the reasons 
recited herein, Applicants respectfully submit that new claims 69-74 are patentable over 
Kuroiwa et ah in view of Aoyama et al. 

Entry and consideration of new claims 69-74 is respectfully requested. 
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Summary 

It is respectfully submitted that all the pending claims are in condition for allowance and 
notification to that effed is respectfully requested. The Examiner is invited to contact 
Applicants' Representatives, at the below-Jisted telephone number, if it is believed that 
prosecution of this application may be assisted thereby. 

Respectfully submitted for 
Vaartstra et al. 

By 

Mueting, Raasch & Gebhardt, P,A. 
P.O. Box 581415 
Minneapolis, MM 55458-1415 
Phone: (612) 305-1220 
Facsimile: (612)305-1228 
Customer Number268l3 




Date Loren D. Albin 

Reg. No. 37,763 



Direct Dial (612) 305-1225 



CERTIFICATE UNDER 37 CFR 51.8 : 

The undersigned hereby certifies thai the the paper(s) are being iransnuUed by facsimile in accordance with 37 CFR 
§ J .6(d) lo the Patent and Trademark OJfice, addressed to Mail Stop RCE, Commissioner for Patents, P.O. Box 
1450, Alexandria, VA 22313-1450, on Lhis ^ffi Vdav of May, 2005, at ' (Centra) Time). 
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IN THE UNITED STATES PATENT AND TRADEMARK OFF ICE 

Group Art Unit: 2815 
Examiner; Eugene Lee 



Applicant(s): Vaartstra ct aL 



Serial No.: 09/603,132 
Confirmation No.: 3538 

Filed: June 23, 2000 

Fon DEVICE STRUCTURES INCLUDING RUTHENIUM SIL1CIDE 

DI FFUSION BARRIER LAYERS 

STTPFLEMENTAI, INFORMATION DISCLQ STTKK STATEMENT 

Mail Stop Amendment 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

In compliance with the duty imposed by 37 C.F.R. § 1.56, and in accordance with 
CJ\R. §§ 1-97 et seq., the materials enclosed herewith are brought to the attention of the 
Examiner as possibly being of interest in connection wkh the above-identified patent application. 
Per M J\E-P. § 609, the information cited in the present Information Disclosure Statement shall 
not be construed to be an admission that the information is, or is considered to be, material to 
patentability. Consideration of each of the documents listed on the attached 1449 form(s) is 
respectfully requested. Pursuant to the provisions of M.P.E.P. §609, Applicants further request 
that a copy of the 1449 form(s), marked as being considered and initialed by the Examiner, be 
returned with the next Official Communication- 
It is believed that no fee is due, as this Information Disclosure Staiement is filed 
prior to the receipt of any Action on the merits. However, in the event a fee is due, please charge 
any fee or credit any overpayment to Account No. 13-4895. 
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The Examiner is invited to contact Applicants' Representatives at the below- 
listed telephone number, if they can be of any assistance daring prosecution of the present 
application. 



CERTIFICATE UNDER 37 C.F.R- I S: 



The undersigned hereby certifies ihat this 
paper is being transmitted by facsimile in 
accordance with 37 CFR § 1 .6(d) to the 
Patent and Trademark Office, addressed to 
Mail Stop RCE, Commissioner for Patents, . 
P.O. Box 1450, Alexandria, VA 2231 3- 
14.50, on this ffiTK day of May, 2005, at 



Date 7 



Respectfully submitted for 

Vaartstn* et al. 

By 

Mueting, Raasch & Gebhardt, P.A. 
P.O. Box 581415 
Minneapolis, MN 55458-1415 
Phone: (612)305-1220 
Facsimile: (612)305-1228 
Customer Number 26813 




By:_ 
Loren D. Albin 
Reg. No. 37,763 
Direct Dial (612)305-1225 
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Thin Film Process 



Yao-Joe Yang 
Ref: Campbell: Ch 12, 13, 14 
Zant: Ch. 12 

i 



Types of Thin films 


• Physical vapor deposition (PVD) 




— Evaporation 




- Sputtering 




• Chemical vapor deposition (C VD) 




- LPCVD 




- PECVD 




- APCVD 




• Epitaxial growth 


2 
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PVD 



• Deposit film by physical methods 

- Thermal evaporation 

• Material source is heated to sublimation temperature in 
a vacuum 

• Material is vapor transported to target in vacuum 

* Deposition is by *1ine-of-sight" (mean free path = 50m) 

- Sputtering 

* Material is removed from target by momentum transfer 

♦ Gas molecules are ionized in a glow discharge, ions 
strike target and remove mainly neutral atoms 

• Atoms condense on the substrate 

* Vacuum level ~ 10 mtorr -- > mean free path ~ 5 mm 

• Easy to deposit alloys 3 



Evaporation 



1HEH1IAL EVAPORATION 




• Need high temperature 

* Need high vacuum environment 



4 



2 
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Key Considerations of Evaporation 

• Deposition rate 

• Temperature 

- some metals requires excessive high temperature 

• Contamination 

• Step Coverage 

- an important issue in evaluating performance of 
deposition, usually poor in evaporation 

• Residual stresses 

- usually due lo mismatch of CTE and micro structures 
transformation 



Step Coverage 



• A primary limitation of 
evaporation 

- material "beams are directional 

• Need wafer rotation to 
improve step coverage 

• Performance index 

- AR (step height/step diameter) 

- OKforAR<0.5 

- marginal 0.5 < AR < 1 

- poor if AR>1 




F^M 1M (a) Tm* eVulMi&n Of lie cvapcttaliVe 
couiAg of q tamit vM» tspca ratio of 1.0. whb litdc 
Hlrfwc atom uwWlto (i*- low safcxtmle tempentare) nnd 
hO rtttf hM. (N H™J pn>5k of tkpeiiifwi an routed uid 
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Type of Evaporation 



* Filament evaporation 

- major problems 

• high contamination level 

• hard to form composite films 

* Electron-beam evaporation 

- using high density electron beam to 
evaporate metals 

- dual E-beams with duaJ target can be 
used to co-evaporate composite 
materials 

- major problem: radiation damage for 
MOS devices (Campbell, p303) 



Evaporator 




4 
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Sputtering 

■ The major PVD method m silicon technology 

■ Using ion bombardment to introduce mass transfer 

• A low temperature process 

- can deposit virtually any materials, including metals, 
ceramics, and organic materials 

- can deposit composite film with controllable composition 

• Substrate damage is the major disadvantage 



Sputtering 



Argon (Ar) atoms 
is usually used as 
the ion source 




QLOWOtSCtUflOE 



5 



PAGE 29/47 * RCVD AT 5/912005 2:57:12 PM [Eastern Daylight Time] * SVR:USPT0£FXRM/3 * DNIS:8729306 * CSID:6123051228 * DURATION (mm-ss):12-20 



05/09/2005 14:02 FAX 6123051228 



MUETING RAASCH GEBHARDT 



E1030 



Sputtering vs. Evaporation 


• Temperature 




- evaporation requires high temperature 




• Materials 




- evaporation: meial only 




- sputtering : virtually any materials 




• Sputtering has: (vs. evaporation) 




- better step coverage 




— less radiation damage 




- less contamination 




- more severe substrate damage 





Sputter 




12 
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Introduction to CVD 



• Form thin films on the surface of a substrate by 
thermal decomposition and/or reaction of gaseous 
compounds 

• Usually performed at high temperature 

- Can be performed at various pressure and with 
assistance of plasma 

- Usually at viscous flow regime 



i mm. r 



15-1 A .<mnpic p«r«ype ihcnroi CVD itaeior. 



CVD Reaction Chambers 



HOT WALL LP CVOl 




J, L 

Ili_u-luj.jJ.uJ 



APCVD 



3 o 
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Type of CVD 


- APCVD 




- high deposition rate, poor uniformity, high 




contamination level, 250-450 °C 




- for dielectrics 




♦ LPCVD 




- low deposition rate, high uniformity, 575-650 °C 




- for polysilicon 




• PECVD 




- for extremely low deposition temperature 




- e.g, oxide and nitride 




- quality is poor 


15 



Polysilicon 




* Application: 

- gate of MOSFET, surface micromachinirig 

• Usually deposited in a LPCVD chamber 




S£ff A -> (600*0 Sz+ 2H 2 




• Pressure: 25- 150 KPa 

• deposition rate ~ 0.01 - 0.02 |Wmin 
- Doping (Jaeger, pi 18) 

— In situ doping 

* Add dopant gases during deposition 

- thermal diffusion 

■ performed right after deposition 


16 
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Silicon Nitride 




* Application: 

- masks to prevent oxidation for LOCOS process 

■fin'sl T*iaeciwHfvn VinTTlP'T fnr mrbifftUTe and SOQiUtn 

Hn<lJ UH.VM vrll It H 1 UALIlwl iUl iilLflOIUlV iJV"»i*"' 

contamination 




• APCVD 




3Siff A + ANH^ -> S%N A + 1 2/f 2 




• LPCVD 









Epitaxy 



• Deposition of single crystal films on single crystal 
substrate 

- Vapor phase epitaxy (VPE) 

* For silicon process 

* Single silicon acts as a seed 

- liquid phase epitaxy (LPE) and molecular beam epitaxy 
(MBE) 

* For GaAs process 

• To grow single crystal n-type layers on p-type 
substrates for bipolar processing 

• Slow process 



9 
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CVD Vs. Epitaxy 


■ Ciystalline 




- CVD: Polysilicon or amorphous 




- Epitaxy: single crystal 




♦ Fluid dynamics 




- CVD: viscous flow regime 




- Epitaxy: molecular flow regime 




• Technology 




- CVD; quite popular in Si technology 




— Epitaxy: mostly used in GaAs technology 









Thin Film Material Properties 



■ Chemical 

- in many situation, the composition is non-stcrichioroetric 

• Material structures 

- columnar grain far polycrysialline materials 

• Electrical 

— Conductivity/resistivity 

— Dielectric constant 

— breakdown voltage 

• Mechanical 

- Dimension 

- Stiffness 

— residual stress 

2D 



10 
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Residual Stress 



* Residual stress 

- stress of the thin film under no external loading 

- A major mechanical problem in thin film materials 
■ Problem associated with residual stress 

- structural integrity 

- change of geometry, causing difficulty for subsequent 
processes 

- natural frequency shift of MEMS structures 

• Major sources 

- mismatch in thermal mechanical properties 

- grain growth, impurity, phase transformation, etc 

31 
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11 

REFRACTORY METALS 
and THEIR SILICIDES 
in VLSI FABRICATION 

more pressing. This is SM^T.^^^i^ becomes ever 



RC = R. L 3 



*ox 



/x 



ox 



(1) 



d^SAS?," S E?-*" ««* ^ l « the length of 

over which d?«SS£ rJnfS f £ SE^-f^ft? 5 *« * 3™" 
RC depend, only on L, JS£^SSSSZ IT^ 1* *»* 

inaccurate for W<3 HtQ , where caiiac .ite n ~ m„JT ^ S,mp,e modd however, is 

decreases wlft decreS S^f ^?^5 , *T f ^ beC0me topomm. Since the R 
constanifora 1 c^E TSi 0 ?of^ ,,Ct , aIS ? deCPeases - ^ 1 RC timl 

and aluminum <A» ShcSn fot c "^i- g l FU f0r po, > rsflicon > ^cide (TaSu), 

small feature ^SSSSSSl ^2 1^ fOT a MOS de "«- » 
of the interconnect lines SftSS? — «^ *P«dins on the maximum length 

^^^^^^ 

*an 2TS-5 SK^JK^ ^ J*?-"* - - Connect to fess 
the low melting J BB S?2S22Su * * plaCed * *■ but *• to 

to Jess thansW Since sS^ st S Mb f^ nI P™«^ "ould have to be held 
^pemurw>500»C<e^ foimtoe* processes must be carried out at 

not Stable >l2 mSTS 3? "ST * C !?" liD * ^ £,aS5 flow /rcflow ). Al is 
W. Ta, or Mo), a ref^S, J!^^^^^?^™* &* 
structure, consisting of a tow ™« ■ . / 2 ' * MoS, 2' TaSl 2 )- 0I " a multilayer 
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REFRACTORY MBTALS AND THEIR SILICIDES IN VLSI FABRICATION 



385 
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Fig, 1 RC lime constant per unit lcnglh for three conductive materials as a function of feature 
size. Also shown is delay per stage of ring oscillators as a function of feature size. (After Sinha 1 ) 
Reprinted with permission of American Physical Society, 

impurities in the sources of the refractory metals. Use of refractory metal silicides alone as the 
gate /interconnect layer, suffers similar problems as those associated with the use of refractory 
metals alone. Th&pofycide structure has therefore become the predominant gate /interconnect 
film for replacing polysilicon. In this way, the advantages of the known work function of poly- 
Si and the highly reliable poly-Si /Si0 2 interface are preserved, as poly-Si is still directly atop 
the gate oxide. In addition, the poly-Si provides a source of silicon for oxidation, and thereby 
allows isolation oxides for subsequent poly-Si or metal layers to be formed on the silicide. 

Numerous studies on the preparation and properties of silicides, particularly using the poly- 
cide structure, have been published, and are surveyed in extensive detail in a. comprehensive 
bookbyMurarka . The major emphasis of this chapter is to present a brief overview of the 



Polycide filrudiim 

GoniXl h V by" fc» Afc.in.,-* rental 

-NU «./— f 



£nllcld9 Structure 




'-w^ 






L. Mb Ktl a*- <t* 









Fulfil llJUfdHC 




Fig, 2 (a) Polyeide, and (b) Saliddc structure. Reprinled by permission SemiajTiductor Internal!. 
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SILICON" PROCESSING FOR THE VLSI ERA 
Table 1. S1LICIDE MATERIAL PROPERTY REQUIREMENTS FOR VLSI 2 



- Low Electrical Resistivity 

- Ease of Formation 

- Ease of Fine Line Pattern Transfer 

- Controlled Oxidation ftopertics and Stability 
in an Oxidizing Ambient 

- High Temperature Stability 
• Smooth Surface Features 

■ Good Corrosion Resistance 



- Stable Contact Formation to 

Aluminum Metallization 

- Excellent Adhesion and Lgw Stress 

- Good ElcCtranrigrafion Resistance 

- Ohmlc and Low Contact Resistance 

- Stability throughout Subsequent 
high-temperature Processing, 
including Ion Implant and Diffusion 



properties and preparation of silicides and refractory metals far VLSI applications, including some 
new data that lias been reported since the time Murarka's text was published. 



CANDIDATE SILICIDES FOR VLSI APPLICATIONS 

In order to effectively utilize refractory metal sUicides in VLSI fabrication (either alone, or 
in the polycide configuration), very stringent materials requirements must be satisfied. Table 1 
lists some of the most important of these requirements. 

There are a group of refractory metal silicides (Msy that meet most, or all of these criteria. 
For example, the refractory metal silicides can withstand much higher temperatures than 
aluminum, and their eutectic temperatures with Si are in excess of 1300X. On the other hand, 
the silicides of Pd (Pd 2 Si), Pt (PtSiX and Ni (NiSi 2 ), have eutectic temperatures of 720 o C,' 
830°C, and 966°^ respectively. Hence these three silicides are not suitable for processes in 
which they are subjected to temperatures that approach their silictde-Si eutectic temperature. 

Resistivity 

Resistivity is the key parameter of a silicide that reduces interconnect delay, and Table 2 
lists the resistivities of the most commonly used silicides- The resistivity values quoted in the 
Table 2 are for specific annealing times and temperamres. The resistivity values depend on 
many factors, including the method of formation, the sintering time and temperature, the 
stoichiometry of the compound, and its chemical purity. Table 2 clearly points out the 
significant differences between the materials that depend upon the method used to form them. It 

Table 2. Resistivity of SMicide Films Annealed at £1000°C Gn fin-em). 



Material 


Metal + Poly-Si 


Metal + Si Crystal 


Co-Sputter 


Co-Evaporation 


CVD 


TiSi 2 


13 


15 


25 


21 


21 


TaSi 2 


35 




50 




3* 


MoSij 


90 


15 


100 


40 


120 


WSi 2 






70 


30 


40 


PtSi 


28 




35 
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The use of rapid thermal processmg (RTP), as described in Chap. 2, allows reaction Z«f£ 
WSi 2 formation to be under 60 sec at 1200-C 4 . reacnon tunes for 

. res j SI i vit y dependence on sioithiometry can be illustrated with a few examoles 

^'Sri^wLx deposi,e<j wsi * is * owainFig - *• 

z o ine resistivity of the film increases as it becomes progressively richer in Si Vtam. « 




Fig. 4 

1933 IEEE. ) 



Sheet resistance of prfycidc (WSi z . NbSi 2 . TiSi 2 ) film, versos sealing toe ( © 
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3S8 SILICON PROCESSING FOR THE VLSI ERA 





2.7 



2-4 34 

Fig. 5 Resistivity of CVD WSi x versus where x varies from 2.2 to 2_6.Couitesy of Genus Inc. 

for TiSij with excess Si up id a value of Si /Ti = 5 /2, and Ihen Increases at higher Si content as 
ihc Si may undergo precipitation 6 (exact composition is determined by RBS, see Chap, 17). 

Oxygen contamination in the silicide film also has a significant effect On the film 
resistivity. Figure 7 shows the effect of oxygen in as-deposited and sintered 2500A thick TaSu 
films. The sintering conditions were 900°C for 30 min in argon 3 . 



SIUCIDE FORMATION 

The silicides of interest can he formed by basically rhree techniques, each of which involve a 
deposition followed by a thermal step to form the silicide: 1) deposition of the pure metal on 




SB?}*-*" 



KJ'L 



MQftMN4L Si'/Ti RAT1Q 



Fig. 6 Resistivity of cosputtered ftras on SiCtj before & after sintering at 90O°C for 30 min in 
H 2 as function of nominal Si /Ti ratio in film 6 . Reprinted with permission of American Phys. Soc. 
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> AS DEPOSITED 




~2500A SPUTTERED 
ToSi 2 FILM OM POLYSlLJCQN 



12 3 4 

ATOMIC PERCENT OXYGEN 



Fig, 7 Sheet resistance of the as-deposited and sinicrcd cosputtered Ta$i 2 films as a function ot 
the oxygen concentration in ihc film - Re primed wHh permission of American Physical Society. 

silicon (i.e. onto single crystal and /or polycrystalline Si); 2) simultaneous evaporation of the 
silicon and the refractory metal from two sources (co-evaporation); and 3) sputter-depositing the 
silicidev either from a composite target, or by co-sputtering or layering. Table 3 lists the 
methods of formation and some of the advantages and disadvantages of each- 
Table 3, METHODS OF SIL1CIDE FORMATION 



Method of Formation 



Advantages 



Disadvantages 



Direct Metallurgical Reaction. 
M + *Si ?=> MS^ 
Metal deposited by 
evaporation, sputter, or CVD. 

Co-evaporation from an 
Independent Si and M Source, 

Co-sputtering from 
Independent Si and M Targets. 



Sputtering from a 
Composite MSi x Target. 

Chemical Vapor Deposition: 
atmospheric, low-pressure, 
or plama-cnhanced. 



Both polycide and salicide 
structure can be formed. 
Selective etch possible. 



Smooth surface. Sintering 
environment not as critical 



[M] /[Si] depends on phase 
formed. Sensitive to 
sintering environment 
Rough surface. 



[M] /[Si] control difficult but 
possible. No selective etch 
possible. Poor step coverage. 
Difficult calibration to 
achieve [M] /[Si] control. 



Good control of [M] /[Si]. Smooth 
films. Sintering environment not 
as critical. Deposition of sandwich 
possible. 

Excellent [M] /[Si] control if correct Contamination from Target, 
target chosen. Good step coverage. 



High throughput. 
Excellent step coverage. 



Rough surface. [M] /[Si] 
control difficult but possible. 
Possible poor adhesion. 
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390 SILICON PROCESSING FOR THE VLSI ERA 

Direct Metallurgical Reaction 

When a refractory metal film is deposited directly on a silicon surface, and the wafer is 
subjected to heating, the metal and the silicon can react to form a silicide. One advantage of this 
method of silicide formation is rhat it usually yields a lower resistivity than most other methods. 
A significant body of work has been published on the formation and kinetics of such 
intermetallic compounds of thin film metals and silicon, both for single-crystal and 
polycrystalline silicon. Specialized techniques including RBS, AES, XPS F SIMS, and electrical 
measurements, have been used to follow the phase formations as the reactions proceed. 
See Chap. 17 for additional information on the analytical techniques. 

For a metal film deposited on silicon, and annealed at relatively low temperatures, metal-rich 
silicides form first, and continue to grow until the metal is consumed. Typically, at that point, 
the next silicon-rich phase begins to grow. For example, Fig. 8 shows the effect of temperature 
on the formation of TiSi and TiSi^ Above 600°C no evidence of TiSL, exists while TiSi 
begins to grow. The growth of TiSi peaks at 700 a C, and the compound is not stable above 
800°C TiSi 2 begins to grow at 600°C, reaching a maximum at 800°C, and no more 
polysilicon is consumed above this temperature. After the complete conversion to TiSi, the 
system is stable. At 700*C it takes approximately 60 minutes undl the TiSu has completely 
formed, while no silicide is detected even after 1 0 hours at 500°C. 

The Pt /Si reaction proceeds at 350°G RBS studies on a sample sintered for 20 min shows 
chat it is converted to PtjSi, with small amounts of PtSi present. After 60 minutes, nearly 65% 
of the PtjSi film is converted to PtSL Canal* 9 analyzed the time dependence of the Pt silicide 
formation, and found that the layer thickness x, is given hy: 



* Pt 2 Si V 



(2) 
(3) 



• Tf (002) 

a POtTSILlCON (220) 

□ TiSi (211) 

O TiSi 2 (3H) 




RT 400 500 600 700 300 900 1000 
TEMPERATURE (°C) 

Fig. 8 X-ray diffraction intensities (integrated) of titanium, polysilicon, TiSi and TiSU as a 
function of vacuum sintering icmperacuTc 8 . Reprinted with permission of American Physical 
Society. 
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where D 1 and D 2 are the interface difftisivities for PtjSi and PtSi, respectively, and t 0 is the times 
at which PtSi starts forming. Plots of Dj and D 2 versus reciprocal temperature show an 
Arrhenius behavior (see Appendix 4), which yields activation energies of 1.3 and 1.5 eV for 
P^Si and PtSi formation, respectively. 

The t 1/2 dependence, which has been observed for most silicide formation, is indicative of a 
diffusion-limited process. The linear dependence, as seen during the formation of some other 
silicides, is indicative of a surface-reaction rate-controlled process. Difficulty in interpreting (he 
reaction data result from the variation in the cleanliness of the interface, which has the effect of 
preventing the initiation of the reaction. 

When a silicide is formed by direct reaction, silicon is consumed. For example in the 
WSi 2 reaction, for each angstrom of tungsten thickness consumed, 2, 53 A of silicon are 
consumed, resulting in 2J58A of W$i 2 being formed. Care must be exercised that sufficient 
silicon is available when usi ng this technique. 

Co- Evaporation 

The evaporation method utilizes Ehe simultaneous deposition of the metal and the Si under 
high vacuum conditions. The metal and silicon can be vaporized by electron beam, rf induction, 
laser, or resistive heating. Since the refractory metals (i.e. Ti, Ta, Mo, AV) have very high 
melting points (1670 P C to 2996 0 Q I and silicon has a low vapor pressure, e-beam evaporation is 
the technique of choice (see Chap. 10). Typically, two guns are employed with separate power 
supplies. Careful determination of the evaporation rate as a Junction of power for both metal and 
Si must be determined. The correct amount of power is supplied to each gun to provide the 
proper (M /Si) ratio. X-ray damage from e-beam evaporation is generally annealed out during the 
high temperature sinter operation. In addition, the gate oxide is typically protected by 
polysilicon during the evaporation, which prevents radiation damage of the gate oxide. Careful 
control of the evaporation base pressure (<10" 6 torr), evaporation rates, purity of the elements, 
and residual gases in the vacuum chamber are critical to insuring that films with reproducible 
characteristics are deposited. The as-deposited resistivity and thickness should be monitored, and 
the (metal /Si) ratio measured by analytical techniques, as discussed in Chap. 17* 

The very high temperatures needed to evaporate the refractory metals puis stringent 
requirements on the vacuum systems, and causes much higher susceptiblity to contamination due 
to outgassmg. For example, to obtain a vapor pressure of 10~ 2 torr, Ti, Mo, Ta, and W must be 
heated to 17O0°C, 25Q0°C, 3I00 D C, and 3200 a C, respectively. Thus it appears that only 
TiSi 2 is likely to be satisfactorily deposited by co-evaporation in a manufacturing environment^ 0 
(although MoSi 2 , TaSi^ and WSu have all reportedly been successfully deposited by co- 
evaporation in research laboratories 4 * 11 ' 12 ). 

Sputter Deposition: Co-Sputtering and 
Sputtering from Composite Targets 

Sputtering is an excellent method for preparation of silicides. Both rf and magnetron 
sputtering can be employed (see Chap. 10). As in co-evaporation, the sputtering rates of the 
metal and the Si must be carefully established. Sputtering can be done in older-style sputtering 
systems from two "S" type guns (see Chap. 10) onto wafers mounted on a planetary. Care must 
be exercised to mainiain the gun stability during the processing. Sputtering from two targets in 
more recently designed multi-pass sputtering systems can also achieve an appropriate mixture of 
Si and metal, resulting in a layered structure. After sintering, complete reaction between metal 
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and Si occurs, forming the silictde. As described in Chap. 10, the base pressure of the 
sputtering system should be lower than 1Q~^ torr f to minimize incorporation of residual gases 
during deposition. In the newer sputtering systems the short distance between the target and 
substrate allows high deposition rates, and therefore shorter deposition tiroes, resulting in lower 
concentrations of included residual gases. The step coverage of co-sputtered films is also 
superior to that of evaporated films, and can be further improved by applying dc bias to the 
substrate. The bias also results in changes in surface texture (generally rougher), and increased 
residual gas incorporation and film stress. 

Sputtering from a composite target (MSi x ) would appear to be ideal for compositional 
control and desired stoichiometry. Composite targets for silicide deposition, however, are 
usually manufactured by powder metallurgical techniques, which employ a mixture of fine 
particle? of metal and SI. The powders are pressed together, and sintered at high temperatures 
and pressures, to 70-80% of their theoretical density. This fabrication process may result in 
sodium contamination of the targets. Improvements have been made to these processes, so that 
targets are available widi low levels of contamination. Resistivities of silicide films comparable 
to those achieved with co-evaporation have been reported. In general, targets with varying ratios 
of (metal /St) must be purchased to achieve the optimum stoichiometry in the deposited fdm. 
Care must be exercised to insure the sputtering yields of the metal and Si remain equal, otherwise 
compositional changes will occur over time. Reference 10 compares the properties of 
co-sputtered and layered sputter-deposited silicides, and reports that both deposition methods are 
capable of producing good quality silicide films. Reference 3 is another source that describes the 
properties of various sputtered silicide films. 

Chemical Vapor Deposition (CVD) of Si He ides 

CVD offers several advantages over other techniques for silicide formation including, 
improved step coverage, higher purity films flow conteotX and higher throughput In order to 
use CVD techniques, volatile components of the metal must exist. Considerable effort has been 




a ) 



Fig. 9 (a) Schematic of cold-waU ttactax for CVD of WSL^ and W, (b) Photograph of system. 
Courtesy of Genus Inc. 
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